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Tnermodynamic,Properties of Coolant Fluids and Particle 
Seeds f o r  Gaseous Nuclear Rockets 
SUMMARY 
Thermodynamic proper t ies  and equilibrium chemical composition were ca lcu la ted  
for  var ious mater ia ls  which could serve as moderator coolants or as par t ic le  seeds  
designed to  con t ro l  r ad ian t  hea t  t r ans fe r  i n  gaseous nuclear rocket engines. The 
mater ia ls  which were considered as moderator coolants were hydrogen, methane, water, 
ammonia, deuterium,  heavy water, and helium.  Materials which  were considered as 
poss ib le  par t ic le  seeds  were severa l  elemental species  which have high boiling 
points,  such as graphite,  tungsten,  and molybdenum, and the oxides ,  carbides ,  ni t r ides ,  
and borides of  t i tanium and zirconium. 
The r e s u l t s  of the  ca lcu la t ions  ind ica te  tha t  the  use  of graphi te  as a seed 
mater ia l  i s  inlpract ical  because graphi te  reacts  readi ly  with hydrogen, and, consequently, 
excess ive  quant i t ies  of grsphi te  must be added t o  t h e  hydrogen stream i n  o r d e r  t o  
maintain even very small concentrations of seed  par t ic les  a t  high temperatures. 
Also,  the l imited thermodynamic da ta  cur ren t ly  ava i lab le  ind ica te  tha t  no s i g n i f i -  
cant increase in particle vaporization temperature would r e s u l t  from using oxides, 
carb ides ,  n i t r ides ,  or borides of such high-melting-point metals as t i t a n i u m  and 
zirconium as seeds i n  place of the metals themselves. 
INTRODUCTION 
As p a r t  of the  inves t iga t ion  of gaseous nuclear rocket technology conducted 
under Contract NASw-847, ana ly t i ca l  s tud ie s  were undertaken t o  i n v e s t i g a t e  t h e  
problem of cooling the moderator walls of a gaseous nuclear rocket and t o  determine 
the  characteristics of seed materials which might be employed in  con t ro l l i ng  
r ad ian t  hea t  t r ans fe r  t o  the  wa l l s  of such a rocket .  Since the resul ts  of these  
s tud ie s  depend on the  thermodynamic proper t ies  of the  materials considered, it w a s  
e s sen t i a l  t ha t  t hese  p rope r t i e s  be determined for those conditions of pressure and 
temperature which are expected to e x i s t  i n  gaseous nuclear rocket engines. Because 
Gf the high temperatures which a re  expec ted  to  ex i s t  i n  such  a n  engine, it was 
necessary that  these calculat ions include the effects  of d i ssoc ia t ion .  The ca l -  
cula t ions  were therefore performed using computational techniques described i n  Refs. 
1 and 2 which have been developed for  de te rmining  the  e f fec t  of temperature and 
pressure on the equilibrium composition and thermodynamic proper t ies  of the products 
of reaction for various chemical systems. 
DISCUSSION 
Propert ies  of Moderator Coolant Fluids 
An inves t iga t ion  was conducted to  determine the propert ies  of  var ious  f lu ids  
which might be r equ i r ed  in  the moderator cooling study described in Ref.  3. The 
first s t e p  i n  t h i s  i n v e s t i g a t i o n  was t o  assemble per t inent  proper t ies  in f luenc ing  
hea t  t ransfer  for  each  candida te  coolan t  f lu id  a t  a pressure of 1000 atm and a 
temperature of 4000 R. The da ta  were e i ther  ob ta ined  from t h e  l i t e r a t u r e  o r  estimated 
from various information available i n  t h e  l i t e r a t u r e .  Data f o r  hydrogen,  water, 
helium, methane, and ammonia a t  a pressure of 1 atm were obta ined  d i rec t ly  from 
Ref. 4. Propert ies  of deuterium and heavy water a t  a pressure of 1 atm were ca l -  
culated using the data in Refs.  5 and 6 and a procedure described in Ref.  4 which 
is  based on the  Lennard-Jones po ten t i a l .  The v i scos i ty  and thermal conductivity 
a t  a pressure of 1000 atm were calculated from the  da ta  a t  1 atm by applying the 
pressure correct ion obtained by ut i l izat ion of the Enskog theo ry  fo r  t he  v i scos i ty  
and thermal conductivit ies of  dense  gases  (Ref. 7).  The r e s u l t s  of t he  s tud ie s  of 
the  proper t ies  of the var ious coolant  f luids  are  presented in  Table  I. It should be 
noted  tha t  a l l  data shown are for the pure gas with no cor rec t ion  for any deviat ion 
from i d e a l i t y  ( i . e . ,  f o r  a value of compress ib i l i ty  fac tor ,  Z , equals 1) or  fo r  
any  d i ssoc ia t ion  which may occur a t  the temperature and pressure considered. 
S ince  s igni f icant  d i ssoc ia t ion  of  some of the candidate coolants might occur 
a t  the conditions described above, it appeared desirable  to  determine the extent  to  
which the materials might dissociate over the temperature range l ikely to be 
encountered during the operation of nuclear rocket engines. Therefore, a s e r i e s  of 
calculat ions were performed using an IBM computation procedure developed a t  the  
UAC Research Laboratories and described i n  Ref. 1 to determine the equi l ibr ium 
composition of the dissociat ion products  of hydrogen, methane, ammonia, and water 
a t  a pressure of  1000 atm and temperatures ranging from 1800 t o  10,000 R .  Al 
calculat ions were made using the assumption that the dissociation products behaved 
as idea l  gases .  
The calculat ions were made only for the  mater ia l s  c i ted  above s ince  it can be 
assumed tha t  t he  p rope r t i e s  of deuterium and heavy water would pa ra l l e l  t hose  of 
hydrogen and water, and that helium would remain chemically stable at the tempera- 
tures considered. Only  atomic  and  molecular  products of d i ssoc ia t ion  were considered 
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in  the calculat ions because electron and ion concentrat ions only become s i g n i f i c a n t  
a t  temperatures exceeding 10,000 R. The re su l t s  o f  t he  ca l cu la t ions  a re  shown i n  
Figs.  1 through 4. 
It can be seen from these figures that d i s soc ia t ion  of hydrogen and water becomes' 
s ign i f i can t  above 7000 R. On the  o the r  hand, apprec iab le  d issoc ia t ion  of methane 
occurs a t  a temperature of only 2000 R and ammonia is a lmost  en t i re ly  d issoc ia ted  a t  
2000 R. Therefore,  the properties of methane and ammonia should be s u b s t a n t i a l l y  d i f -  
f e r e n t  from the est imated values  shown i n  Table I. 
It can also be seen from Fig.  2 that a l a rge  part of  the carbon in  methane would 
e x i s t  as a s o l i d  a t  temperatures between approximately 3000 and 6500 R. This  so l id  
carbon could very easi ly  c log the coolant  passages of  a gaseous nuclear rocket. If 
hydrogen were mixed with methane, th i s  excess  hydrogen would t e n d  t o  s h i f t  t h e  e q u i -  
l ibrium toward the formation of smaller amounts of solid carbon and, therefore,  less 
clogging of the coolant passages would occur .  Addit ional  calculat ions were made t o  
show the effect of carbon-to-hydrogen weight ratio on the  equilibrium composition of 
sol id  carbon.  The resu l t s  of  these  ca lcu la t ions  a re  shown i n  F i g .  5 ,  and they indi-  
c a t e  t h a t  no solid carbon, and thus no clogging of the coolant passages, would occur 
a t  a temperature of 4500 R for weight ra t ios  of  carbon to  hydrogen less  than  approxi -  
mately 0.73. This ra t io  cor responds  to  a mixture of 56.4 per cent methane and 43.6 
per cent hydrogen by weight. Such a mixture would also prevent  chemical  a t tack on 
graphi te  walls by hydrogen at a temperature of 4500 R, but  would not  prevent  th i s  
chemical  a t tack a t  temperatures higher or lower than 4500 R. 
The dens i t ies  of  hydrogen, methane, water, and ammonia a r e  shown in  F ig .  6 as a 
funct ion of temperature. Corresponding values of enthalpy (defined as the  d i f fe rence  
between the  to ta l  en tha lpy  of  the  products  of  d i ssoc ia t ion  a t  a given temperature and 
the enthalpy of the propellant as a l i q u i d )  a r e  shown in  F ig .  7. 
The ra t io  of  the  dens i ty  and  en tha lpy  of methane, water, and ammonia t o  t h o s e  
of  hydrogen a r e  shown i n  F i g .  8. These ra t ios  a re  impor tan t  s ince  they  may s e r v e  t o  
determine the effect  on performance of a nuclear rocket engine when e i t h e r  water, 
methane, or ammonia is  s u b s t i t u t e d  i n  whole o r  i n  p a r t  f o r  hydrogen. For instance, 
t he  spec i f i c  impulse a t t a i n a b l e  by the use of a given propel lant  is, in  general ,  pro-  
p o r t i o n a i  t o  the  square root of the exhaust  enthalpy of  the propel lant .  For  a so l id -  
core nuclear rocket operating st a f ixed  maximum temperature ,  the rat io  of  specif ic  
impulse a t ta inable  us ing  a g iven  propel lan t  to  that a t t a inab le  us ing  hydrogen is  pro- 
po r t iona l  t o  the  squa re  roo t  of t he  r a t io  o f  t he  en tha lpy  o f  t h i s  p rope l l an t  t o  that 
of hydrogen a t  the  same operating temperature.  Such r a t i o s  are noted on t h e  r i g h t -  
hand ordinate  of t h e  p l o t  shown in  F ig .  8. The m a x i m u m  enthalpy of the propellant 
passing through the exha.ust nozzle of a gaseous nuclear rocket can be shown ( R e f .  3 )  
t o  be approximately ten t imes the enthalpy associated with the maximum wall tempera- 
t u r e  (assuming no space radiators) .  If t h i s  r a t i o  is  assumed t o  be the  same f o r  a l l  
propellants and i f  the  maximum temperature  of  the propel lant  injected into the 
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cavi ty  of a gaseous nuclear rocket is  t h e  same as t h a t  f o r  hydrogen, t h e n  t h e  s p e c i f i c  
impulse r a t i o s  shown in  the  r igh t  s ide  o f  F ig .  8 , a l so  app ly  d i r ec t ly  fo r  gaseous  
nuclear rocket engines. According t o  Fig.  5 ,  a mixture of methane and hydrogen com- 
p r i s i n g  56.4 per cent methane by weight would prevent any clogging of coolant pas- 
sages at 4500 R if such a mixture were used as a propel lant .  From Fig.  8, it can be 
shown tha t  t h i s  mix tu re  would r e s u l t   i n  a specific impulse a t  4500 R of approximately 
82 per cent of that  of pure hydrogen. 
In  o rde r  t o  de t e rmine  the  d i f f e rences  in  the  p rope r t i e s  o f  hydrogen  from those 
of some o ther  mater ia l  a t  conditions which are l i k e l y   t o  be encountered near the core 
of a nuclear  rocket ,  addi t ional  calculat ions were made t o  determine the equilibrium 
composition and thermodynamic propert ies  of  water a t  temperatures up t o  200,000 R and 
for  pressures  of  100 and 1000 a t m .  The ca lcu la t ions  were extended for water because 
it is eas i ly  s to red  and  i s  inexpensive and, for these reasons, might be attractive 
f o r  i n i t i a l  t e s t i n g  o f  a gaseous nuclear rocket engine. Also, t he  p rope r t i e s  of 
methane and ammonia appea r  t o  f a l l  between those of hydrogen and water as seen  in  
Figs .  6 and 7, and,  therefore ,  property calculat ions for  both hydrogen and water f o r  
very high temperatures and for various pressures would represent extremes of the capa- 
b i l i t y  of the  four  materials which might be u t i l i z e d  as working f l u i d s   i n  a gaseous 
nuclear rocket engine. 
The composition of water a t  the  cond i t ions  s t a t ed  above are shown i n  F i g s .  9 
and 10. It can be seen that singly ionized hydrogen and oxygen  atoms and  the  r e su l t -  
ing  e lec t rons  become important a t  about 30,000 R and are the predominant species a t  
60,000 R .  A t  higher  temperatures,  doubly-,  triply-,  and  quadruply-ionized  oxygen 
atoms become impor tan t .  In  ca lcu la t ing  the  resu l t s ,  no provis ions were made f o r  t h e  
change i n  i o n i z a t i o n  p o t e n t i a l  o f  t h e  i o n i c  s p e c i e s  due to  the  p re sence  of e l ec t rons .  
The density and enthalpy of water a t  temperatures up t o  200,000 R are shown i n  
Fig. 11. The nonl inear  var ia t ion of  enthalpy and densi ty  with temperature  is due t o  
the dissociat ion and ionizat ion of  the var ious species  as temperature is increased. 
Also shown i n  F i g .  11 is  the  hea t  conten t  per  un i t  volume (product of enthalpy and 
dens i ty )  which i s  o f  i n t e re s t  i n  ana lyz ing  t h e  rate of energy removal from a gaseous 
nuclear  rocket  for  a f ixed convect ive veloci ty .  The composition,  density,  and  enthalpy 
data presented  in  F igs .  9 ,  10, and 11 may be compared with the  corresponding data for 
hydrogen i n  Ref. 2.. 
The thermodynamic da.ta (heat capaci ty ,  enthalpy,  and entropy)  for  the individual  
species  considered in  the calculat ion were obtained from various sources.  Ihta f o r  
the molecular and atomic species for the temperature range up t o  6000 K (10,800 R )  
were obtained from Ref. 8 and were ex t rapola ted  to  the  h igher  tempera tures .  Ihta f o r  
atomic hydrogen and atomic oxygen for temperatures exceeding 10,800 R and  for  a l l  
ionic  species  except  the hydroxyl  ion and electron were obtained from Ref. 9 .  Ihta 
for electron gas  were obtained from Ref. 10 and extrapolated to  higher  temperatures .  
Heat capacity and entropy data for the hydroxyl ion were estimated from data f o r  
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t h e  h y d r o w l  r a d i c a l  r e p o r t e d  i n  R e f .  10. The enthalpy data for  the  hydroxyl  ion  
were calculated using a va lue  of  e lec t ron  a f f in i ty  obta ined  from Ref. 11. The 
hydroxyl ion data were a l so  ex t r apo la t ed  from 6000 K to  the  h igher  tempera tures .  Any 
errors i n  thermodynamic data introduced by the  ex t r apo la t ions  would probably have lit- 
t l e  e f f ec t  on the  p rope r t i e s  of the  mixture  as a whole since,  i n  general ,  the  concen- 
t r a t i o n s  f o r  t h o s e  s p e c i e s  f o r  which data were extrapolated become i n s i g n i f i c a n t  i n  
the temperature range of the extrapolation. 
Chemical Reactions Between Hydrogen 
and Part ic le  Seeds 
Various studies have i n d i c a t e d  t h a t  s o l i d  materials i n   t h e  form of small par- 
t i c l e s  may be used as p rope l l an t  s eeds  in  o rde r  t o  con t ro l  r ad ian t  hea t  t r ans fe r  i n  
gaseous nuclear rocket engines. The use of solid seeds is  usual ly  more des i r ab le  
than the use of gaseous seeds because the opacity of particles,  even i f  they become 
l iquefied,  i s  continuous over a wide part  of the spectrum whereas the opaci ty  of  
gases  exhib i t s  windows at c e r t a i n  wave lengths.  Since it is d e s i r a b l e  t h a t  t h e  par- 
t ic les  provide opaci ty  to  temperatures  approaching 10,000 R, the temperature at which 
the  opac i ty  of hydrogen i t se l f  becomes s i g n i f i c a n t  (Ref. e) ,  only those mater ia ls  
with high boiling points were considered as possible seed candidates.  
P a r t i c l e s  which have been heated by thermal  radiat ion cause heat ing of  the sur-  
rounding gas by laminar conduction of the heat t o  gaseous atoms located in  the vicini ty  
of t h e  p a r t i c l e .  If the  ra t io  of  the  thermal  conduct iv i ty  of t h e  g a s  t o  t h e  d i f -  
fusivi ty  of  the gas  (Lewis  number) i s  on the order  of  uni ty ,  which is  the  case  fo r  
most gases,  then the diffusion of any vapor formed by the chemical  interact ion of  the 
p a r t i c l e  material and the surrounding gas should occur as rap id ly  as the conduction 
of heat from the  par t ic le  to  the  sur rounding  gases .  Therefore ,  it would appear un- 
l ikely that  non-equi l ibr ium mixtures  of  react ion products  would occur locally and it 
can be assumed tha t  t he  pa r t i c l e  ma te r i a l s  shou ld  be i n  thermodynamic equilibrium 
with the surrounding gases. A ser ies  of  calculat ions of  equi l ibr ium composi t ion of  
the products of reaction of various seed materials with hydrogen was performed and 
the  r e su l t s  o f  t hese  ca l cu la t ions  are discussed in  the fol lowing subsect ions.  
Graphi te  Par t ic les  
According t o  R e f .  12, g raph i t e  pa r t i c l e s  p rov ide  subs t an t i a l ly  g rea t e r  opac i ty  
per pound t h a n  p a r t i c l e s  made of other materials which have comparable boi l ing points .  
However, as can be seen from Fig.  2, hydrogen w i l l  r eac t  wi th  gra .phi te  to  form v a r i -  
ous hydrocarbons along with free hydrogen and carbon. For a given weight  ra t io  of  
carbon t o  hydrogen, the  la rges t  concent ra t ion  of  free carbon occurs a t  a temperature 
of approximately 4500 R (see Fig.  5 ) .  Fig.  5 a l s o  shows t h a t  a weight r a t i o  o f  c a r -  
bon t o  hydrogen grea te r  than  0.73 is  required a t  4500 R t o  permit any amount of free 
carbon and  tha t  the  amount of free carbon decreases very rapidly as temperature is  
increased. Since it is des i r ab le  tha t  s eed  materials have the  capab i l i t y  o f  con t ro l l i ng  
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r ad ian t  hea t  t r ans fe r  a t  temperatures up t o  10,000 R, it appears  tha t  the  use of 
g raph i t e  pa r t i c l e s  as a seed i s  impractical  because of the high carbon-to-hydrogen 
weight r a t io s  r equ i r ed  to  p rov ide  any amount of so l id  carbon a t  th i s  tempera ture .  
It can be seen from Figs. 3 and 4 t h a t  t h e  d i s s o c i a t i o n  o f  water and ammonia 
leads  to  the  presence  of  subs tan t ia l  quant i t ies  of  hydrogen  a t  temperatures of the 
order of 7000 t o  10,000 R .  It would  be e x p e c t e d  t h a t  t h i s  hydrogen would reac t  wi th  
any  graphi te  seed  par t ic les  in  much t h e  same manner as indica ted  in  F igs .  2 and 5 ,  
and,  therefore ,  the use of  graphi te  par t ic les  for  control l ing radiant  heat  t ransfer  
in  engines  employing ammonia or water as working f lu ids  a l so  appears  to  be  imprac t ica l  
P a r t i c l e s  Made  From Materials Other Than Graphite 
Since the use of graphi te  as a seed material is impractical because it r e a c t s  
with hydrogen, a study was undertaken to  p red ic t  t he  ex ten t  o f  equ i l ib r ium reac t ion  
at various temperatures when se l ec t ed  a l t e rna te  seed  materials a r e  added i n  small 
amounts t o  a hydrogen propel lant  stream. Vapor pressure data from Ref. 13 indicated 
t h a t  many metals have high noma1 boi l ing points  and would be good candidates for 
seed materials i f  t h e i r  s p e c t r a l  a b s o r p t i o n  c h a r a c t e r i s t i c s  were good. Calculations 
were performed using the vapor pressure data from Ref. 13  t o  determine the amount of 
condensed metal which will be present  in  the temperature  range 2000 R t o  10,000 R i f  
2 per  cent  by weight of the  mater ia l  is  a.dded t o  hydrogen a t  a pressure of 1000 atm. 
Vapor pressure data was a l l  t h a t  wa.s requi red  to  de te rmine  the  s ta te  of  the  meta l  a t  
each temperature because a l i terature  survey indicated that ,  a l though several  of t h e  
metals do absorb hydrogen t o  form complex hydrides,  these hydrides would decompose 
a t  the temperatures  considered in  this  s tudy,  and,  therefore ,  it may be  assumed t h a t  
the metals considered w i l l  not  react  with hydrogen propel lant  in  the temperature  
range of  interest .  The r e su l t s  o f  t he  ca l cu la t ions  a re  shown in  F ig .  12 .  
A ser ies  of  ca lcu la t ions  was a l s o  performed t o  determine the equilibrium com- 
pos i t ion  of the products  of  reaction of hydrogen with the oxides ,  ni t r ides ,  carbides ,  
and borides of titanium and zirconium. As i n  t h e  c a s e  of t h e  metals, it was assumed 
t h a t  2 per  cent  of  the seed mater ia l  was int roduced into the hydrogen stream a t  a 
pressure of 1000 atm. The r e su l t s  o f  t he  ca l cu la t ions  ind ica t ed  tha t  Tic, TiN, TiB2, 
and Ti02 were completely vaporized or dissoc ia ted  for  the  condi t ions  descr ibed  above 
a t  temperatures  of 6372, 6138, 6210, a.nd 5040 R, r e spec t ive ly .  If these  vaporizat ion 
temperatures are compared with that  obtained from Fig.  12  fo r  t i t an ium metal i t se l f ,  
namely,  6120 R, it can  be  seen  tha t  the  carb ide ,  n i t r ide ,  and  bor ide  of fe r  s l igh t  
adva.ntages  over  the  parent metal i t s e l f .  The resul ts  of  the zirconium calculat ions 
ind ica ted  tha t  Z r C  , ZrB2 , Z r N  , and Zr02 vaporized a t  temperatures o f  6876, 5760, 
6570, and 5472 R, respect ively.  All these temperatures are considerably  lower  than 
the vaporization temperature of zirconium metal (7900 R )  obtained from Fig. 12, and, 
as a r e s u l t ,  compounds of zirconium would offer  only the advantage of a higher melting 
temperature than zirconium. 
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If the t rends shown by the  vapor iza t ion  da ta  for  the  compounds of t i tanium and 
zirconium are characterist ic of the other high-melting-point metals,  it would seem 
t h a t  no s i g n i f i c a n t  improvement in  the  vapor iza t ion  tempera ture  of pa r t i c l e  s eeds  
would be obtained by using the compounds rather  than the elemental  metal, and t h a t  
the use of the metals  themselves  should receive top pr ior i ty  in  experimental  evalua-  
t i ons  of the optical  properti’es of seeded hydrogen streams. A t  t he  same time, 
however, effor t  should be cont inued to  obtain improved values of t he  thermodynamic 
propert ies  (and par t icular ly  vaporizat ion data)  for  carbides ,  ni t r ides ,  borides ,  
and oxides of the high-melting-point metals to provide a firm bas is  for  cont inuing  
evaluation of po ten t ia l  seed  mater ia l s .  
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TABLE I 
Thermodynamic  and  Transport  Properties of Possible 
Gaseous  Nuclear  Rocket  Moderator  Coolant  Fluids 
at 4000 R  and  a  Pressure  of 1000 Atmospheres 
Density 
(3.693 
I H ~ O  I 6.1686 
 1.3706 
Properties  do  not  include  effect  of  dissociation 
Specific  Heat 
4.137 
2 159 
0.6981 
1.0370 
Viscosity 
. . . . . . . 
Thermal  Conductivity 
". . 
Prandtl No. 
+."""".. 
0.665 
0.667 
0.6Gg 
0.699 
0.635 
0.669 
0.682 
Dissociation  should  substantially  alter  the  properties of methane  and  ammonia  and, 
therefore,  the  values  noted  above  should  be  used  only  as  a  first  estimate  (see 
text  and  Figs. 2 and 3) or as  a  base for  determining  properties  at  lower  tempera- 
tures  where  dissociation  is not important. 
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FIG. I 
EFFECT OF TEMPERATURE ON THE COMPOSITION OF HYDROGEN 
AT A PRESSURE OF 1000 ATM 
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FIG. 
EFFECT OF TEMPERATURE ON THE COMPOSITION OF METHANE 
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FIG.  3 
EFFECT OF  TEMPERATURE ON THE COMPOSITION OF AMMONIA 
AT A PRESSURE OF 1000 ATM 
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FIG. 4 
EFFECT OF TEMPERATURE ON THE 
COMPOSITION OF WATER AT A PRESSURE OF 1000 ATM 
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FIG. 5 
VARIATION OF SOLID CARBON CONCENTRATION 
WITH PROPELLANT CARBON-TO-HYDROGEN 
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FIG. 6 
EFFECT OF TEMPERATURE ON DENSITY OF WORKING FLUIDS 
AT A PRESSURE OF 1000 ATM 
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FIG. 7 
EFFECT OF TEMPERATURE ON ENTHALPY OF WORKING FLUIDS 
AT A PRESSURE OF 1000 ATM 
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FIG. 8 
EFFECT OF  TEMPERATURE ON THE RATIOS 
OF SELECTED  PROPERTIES  OF SUBSTITUTE MATERIALS 
TO  THOSE  OF  HYDROGEN 
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FIG. 9 
EFFECT OF TEMPERATURE ON THE 
COMPOSITION OF WATER AT A  PRESSURE OF 100 ATM 
FOR TEMPERATURES TO 200,000 R 
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FIG. 10 
EFFECT OF TEMPERATURE ON THE 
COMPOSITION OF WATER AT A PRESSURE OF 1000 ATM 
FOR TEMPERATURES TO 200,000 R 
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FIG. I I  
EFFECT OF TEMPERATURE ON ENTHALPY, DENSITY, 
AND HEAT CONTENT  PER  UNIT VOLUME OF WATER 
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